part of the continuum of care for cervical degenerative disc disease (DDD). 9, 49 Cervical TDR is an attractive alternative to anterior cervical discectomy and fusion (ACDF) because it achieves neural decompression via an identical anterior surgical approach while preserving mobility and achieving comparable clinical success. 25, 41, 42 A primary rationale for the use of TDR has been the hypothesis that by preserving mobility at the operated segment, TDR will allow for normal cervical spine biomechanics and thereby maintain the integrity of adjacent segments. 24, 41 While the goal of ACDF is to eliminate mobility in the treated segment, 2, 3 this loss of mobility has been shown to induce hypermobility and to increase stress and intradiscal pressures on the segments adjacent to fused segments. These factors have been shown to result in greater adjacent-segment degeneration and recurrent radicular symptoms in as many as 25% of patients. 14, 23, 30, 44 By maintaining mobility, cervical TDR devices are believed to preserve biomechanics at the adjacent segments, which may slow degeneration and the associated pain and neurological symptoms. 6 The current literature varies regarding the effect of index-level mobility and the development of adjacent-segment disease, although published studies of the efficacy of cervical TDR have shown a reduction in rates of adjacent-segment degeneration when compared with ACDF. 7, 12, 44 In contrast, other studies have shown that the development and/or progression of adjacent-segment degeneration may not be directly linked to the index-level implant, suggesting that perhaps other factors play a significant role in the development of adjacentsegment disease. 21, 26, 31 Cervical TDR is available worldwide and has become increasingly common in the US as several TDR devices have moved beyond the investigational stage and been approved for use. 22, 36, 37 Several large-scale FDA-regulated investigational device exemption (IDE) clinical trials are in process or have been completed since 2007. These trials have consistently shown that cervical TDR is at least as safe and effective as ACDF for treatment of symptoms associated with cervical DDD. 11, 13, 22, 36, 37 However, these trials compare TDR to ACDF for treatment at a single level only. Patients often suffer from multilevel pathology, and there is evidence that suggests multilevel ACDF is biomechanically more demanding than single-level ACDF. A study by Lopez-Espina et al. 32 demonstrated that as the number of fused levels increases from 1 to 2, stress on the inferior adjacent intervertebral discs increases during flexion, lateral bending, and torsion by as much as 17%. 28, 32 In contrast to ACDF, each treated segment in a multilevel TDR is considered biomechanically independent of the adjacent segment. 40 The biomechanical and surgical differences between patients with single-level pathology and those with multilevel pathology dictate that multilevel TDR be directly compared with multilevel ACDF to evaluate the safety and efficacy of multilevel TDR. The purpose of this study was to use data from the IDE clinical trial of the Mobi-C cervical artificial disc (LDR Medical) to compare the safety and efficacy of Mobi-C to ACDF for treatment of symptomatic cervical DDD at 2 contiguous levels of the cervical spine.
Methods

Investigational TDR Device
The Mobi-C cervical artificial disc is a low-profile, mobile-bearing TDR device composed of 2 cobalt-chromium alloy endplates and an ultra-high-molecular-weight polyethylene mobile insert. There are no metal-on-metal articulating features; all bearing surfaces are metal on polyethylene. The bone-contacting surfaces of the endplates are plasma-sprayed titanium and hydroxyapatitecoated and feature low-profile, inclined teeth along the lateral edges designed for a bone-sparing surgical technique and to facilitate endplate fixation (Fig. 1) . The superior endplate incorporates a convex shape to match the natural cervical anatomy. This mobile-bearing device allows 5 independent degrees of freedom: 2 translational and 3 rotational (Fig. 1) . A range of footprints and several heights are available with Mobi-C to satisfy individual anatomical requirements. The device is designed for multilevel applications by eliminating features such as keels, screws, or hardware protruding anterior to the disc space, which accommodates a multilevel surgical technique without risk of interference from adjacent-level implants.
Control Device
The control group received a corticocancellous allograft and an anterior cervical plate utilizing the standard ACDF technique. The allograft was placed in the disc space, and the anterior plate was placed over the graft and secured with screws to the vertebrae according to the manufacturer's published surgical technique. Anterior cervical plate usage was limited to the Slim-Loc Anterior Cervical Plate System (DePuy Spine) and the Sofamor Danek Atlantis or Atlantis Vision Anterior Cervical Plate Systems (Medtronic).
Study Design
Three hundred thirty patients were randomized, underwent surgery between April 2006 and March 2008 at 24 clinical sites, and comprise the primary analysis population. Patient enrollment required a diagnosis of DDD with radiculopathy or myeloradiculopathy at 2 contiguous levels from C-3 to C-7 that was unresponsive to nonoperative treatment for at least 6 weeks or demonstrated progressive symptoms necessitating immediate surgery. Additional selected inclusion and exclusion criteria are shown in Table 1 . The 330 patients were randomized into either the investigational device group or the control group in a 2:1 ratio, resulting in 225 patients in the investigational (TDR) group and 105 patients in the control (ACDF) group. After confirming a patient's eligibility and having the patient sign an informed consent form, the site investigator or study coordinator called the interactive voice randomization system. Each patient was then assigned to 1 of the treatment groups according to a randomization schedule, which was stratified by preoperative Neck Disability Index (NDI) score and included institutional balancing. This study was registered with the ClinicalTrials. gov database (http://clinicaltrials.gov), and its registration no. is NCT00389597.
This 2-level trial was run concurrently with a separate study arm to examine safety and efficacy at single-level use. The first qualified patient to enroll at each site, as part of either the single-level or multilevel arm of this clinical trial, was not randomized and was treated with the investigational device to train the principal investigator at the site. This resulted in 9 nonrandomized training patients treated with the TDR device at 2 levels. These patients are not included in the primary analysis population although they were followed and complete patient reports were submitted to the FDA. No statistical differences were found in terms of overall study success between randomized and nonrandomized TDR patients. Masking the physician to the treatment was not possible because the type of implant was evident during surgery. In recent conference proceedings, it was concluded that knowledge of the procedure did not bias the reviewers' radiographic assessments. 4 Patients remained masked to treatment group assignment until after surgery had been performed to minimize the potential for disproportionate dropouts in either group. There was no concealment of treatment after surgery, because the patient would know the treatment once postoperative radiographs were obtained. As often as possible, objective end points were used to reduce the potential for bias due to postoperative unmasking.
Surgical Technique
The surgical procedures were performed through a Smith-Robinson anterior approach to the cervical spine. Patients in both groups first underwent a thorough discectomy at both index levels. The disc and any osteophytes were removed. Resection of the posterior longitudinal ligament was left to the operative surgeon's discretion for both treatment groups. Affected neural structures were diagnosis confirmed by imaging (CT, MRI, or radiography); 4) NDI score ≥30; 5) unresponsive to nonoperative, conservative treatment for at least 6 wks or presence of progressive symptoms or signs of nerve root/spinal cord compression despite continued nonoperative treatment; 6) no prior surgery at the operative level & no prior cervical fusion procedure at any level; 7) physically & mentally able & willing to comply w/ the protocol; 8) signed informed consent Exclusion Criteria: 1) more than 2 vertebral levels requiring treatment/immobile level between C-1 & C-7 from any cause; 2) any prior spine surgery at operative level or any prior cervical fusion at any level; 3) disc height <3 mm; 4) T score <1.5 (osteoporosis evaluation); 5) Paget disease, osteomalacia, or any other metabolic bone disease other than osteoporosis; 6) active malignancy-a history of any invasive malignancy (except nonmelanoma skin cancer), unless treated w/ curative intent & w/ no clinical signs or symptoms of the malignancy for >5 years; 7) marked cervical instability on resting lateral or flexion extension radiographs; 8) known allergy to cobalt, chromium, molybdenum, or polyethylene; 9) segmental angulation >11° at treatment or adjacent levels; 10) any diseases or conditions that would preclude accurate clinical evaluation; 11) daily, high-dose oral &/or inhaled steroids or a history of chronic use of high-dose steroids; 12) BMI >40; 13) use of any other investigational drug or medical device w/in 30 days prior to surgery; 14) smoking more than 1 pack of cigarettes/day; 15) reported to have mental illness or belonged to a vulnerable population * BMI = body mass index. Fig. 1 . Mobi-C cervical artificial disc with 2 cobalt-chromium alloy endplates and an ultra-high-molecular-weight polyethylene mobile insert allowing 5 independent degrees of freedom.
then decompressed. Either the control device (ACDF) or the investigational device (TDR) was then implanted.
In the TDR group, following discectomy the disc space was distracted in parallel using a vertebral distractor. With disc height restored, distraction was maintained with a Caspar distractor. The cartilaginous endplates were removed to expose the underlying bone with minimal endplate shaping. Using fluoroscopy and the trial instruments provided, the appropriate implant footprint and height were selected. The prosthesis was then inserted into the prepared disc space using a self-retaining inserter. An adjustable stop allowed precise modification of the implant's anteroposterior position. Once final position was obtained, the distraction was released, and slight compression was applied via the Caspar distractor to facilitate seating of the implant teeth into the vertebrae. Anteroposterior and lateral fluoroscopy was used to confirm final implant position (Fig. 2) .
Postoperative Care
While options for rehabilitation were provided in the study protocol, most aspects of postoperative care were left to the treating physician's discretion. All surgeons prescribed and managed a postoperative rehabilitation program for each patient that was aimed at returning the patient to normal activity as soon as possible. As expected, the postoperative care protocol that was prescribed varied somewhat from patient to patient. Consistent with anterior cervical surgery procedures, postoperative care included use of a cervical collar, physical therapy, pain medications, and/or alternative methods. Return to activities of daily living was related to each patient's age, weight, preoperative capabilities, and other factors. Antibiotic coverage was in accordance with the surgeon's standard protocol. Nonsteroidal antiinflammatory drugs (NSAIDs) have been shown to delay bone formation, and evidence suggests that prophylactic use of NSAIDs can reduce the incidence of heterotopic ossification (HO) after other total joint replacement procedures. 15, 29, 34, 45 To ensure consistency between the study cohorts, all study patients were to stop using NSAIDs 1 week before surgery, and physicians were not to prescribe them prophylactically for at least 3 months after surgery. An exception could be made when HO was diagnosed in patients in the TDR group. This was a different approach to the prescription of NSAIDs than has been used in other single-level cervical arthroplasty trials, but it allowed this study to achieve a greater level of consistency between the treatment groups, despite potentially putting the TDR group at a disadvantage in the reduction of HO formation. 48 
Clinical Outcome Assessments
Patients were evaluated preoperatively, 6 weeks postoperatively, and then 3, 6, 12, 18, and 24 months postoperatively. The primary outcome measure was the overall study success rate of the TDR and ACDF groups at 24 months. These overall success rates-using a composite measure with multiple conditions for success-were used to determine noninferiority and superiority. This clinical trial was prospectively planned and designed by the sponsor (LDR Medical) in conjunction with the FDA. The protocol was originally submitted to the FDA in October 2005 and received FDA approval in March 2006. At the time of the initiation of this study the selection of a composite measure of overall study success similar to those used in other cervical arthroplasty device trials 22, 36, 37 was chosen. The common elements in the definitions of overall study success used in this and other cervical arthroplasty device trials were NDI score, subsequent surgical intervention at the index level or levels, complications, neurological function, and radiographic success. While other measures are certainly of clinical importance (such as the SF-12, patient satisfaction, VAS pain score, ROM, and adjacent segment degeneration), the composite success measure of this trial does not include these as primary outcomes to maintain consistency with other device trials. These outcomes were all collected and analyzed as secondary clinical outcomes.
Overall study success was defined as requiring all 5 of the following metrics: 1) NDI success; 2) no subsequent surgical intervention at the index level or levels; 3) no adverse events assessed by the Clinical End Points Committee (CEC) as major complications; 4) maintenance or improvement in neurological function; and 5) radiographic success.
Neck Disability Index success was defined as an improvement of at least 30 points for patients with a baseline NDI score of at least 60 or as an improvement of at least 50% from baseline for patients with a baseline NDI score less than 60. These criteria for NDI success were based on the more rigorous "substantial clinical benefit" criteria as opposed to the more commonly used "minimally clinically important difference" criteria.
or illness that occurred or worsened during the operative and postoperative period, regardless of causality. Adverse events were assessed by the CEC, which was composed of 3 independent spine surgeons (2 orthopedic and 1 neurosurgeon) who were not investigators on the study and did not have any conflict of interest with the sponsor. An adverse event that was determined by the CEC to represent a major complication of the treatment was considered a failure. The adjudication process was performed using a prespecified protocol that included independent reviews by all 3 members, with treatment blinding.
Maintenance or improvement in neurological function was determined based on investigator-conducted tests of reflex, motor, and sensory function.
Radiographic success was included as a component for overall study success to ensure that the implanted device was functioning as intended. The criterion for radiographic success in the TDR group was defined as nonfusion of both treated levels, where nonfusion was defined as at least 2° of angular motion in flexion/extension or no evidence of bridging trabecular bone across the disc space. Grade IV HO, determined by radiographic assessment, was an indication of bridging bone. Radiographic success in the ACDF group was defined as fusion of both treated levels, less than 2° of angular motion in flexion/ extension, and evidence of bridging bone across the disc space and radiolucent lines at no more than 50% of the graft vertebral interfaces.
Radiographic Assessment
All radiographic analyses were conducted by Medical Metrics, Inc., according to a prespecified radiograph protocol. Neutral lateral, neutral anteroposterior, flexion, extension, left lateral bending, and right lateral bending radiographic views were obtained preoperatively and at all follow-up visits. Quantitative assessments (including angular motion, disc angle, translational motion, disc height, and center of rotation) were made by Medical Metrics using validated proprietary software. 43 Qualitative assessments of adjacent-segment degeneration, bone bridging, and radiolucency were made by a qualified independent radiologist at Medical Metrics. It was not possible to blind the radiologist to the treatment device. The degeneration of each adjacent segment was determined by the KellgrenLawrence scale of disc degeneration: none (0), minimal (1), definite (2), moderate (3), or severe (4). 8, 27 Assessments were made at baseline and at 12 and 24 months postoperatively. At postoperative time points, a score increase of at least 1 relative to the baseline score indicated adjacentlevel degeneration at that segment. Additional assessments of HO were made by 2 independent radiologists with a third radiologist to adjudicate in instances of disagreement, using a classification system adapted from McAfee et al. 33 and Mehren et al. 35 Each treated segment in the TDR group was graded as follows: 0 = no evidence of osteophyte formation or HO; I = HO is detectable from front or side but not in disc space; II = HO is growing into disc space, with bone present between planes formed by adjacent endplates, but is not blocking movement; III = HO is restricting range of motion (ROM) but some movement or prosthesis remains; or IV = HO is causing ankylosis and an apparent connection of bridging bone exists between adjacent endplates with no motion between them.
Statistical Analysis
The primary study hypothesis was noninferiority of the overall clinical success of the investigational group compared with the control group. Noninferiority was tested using an exact 95% 1-sided confidence bound for the study. If a 10% noninferiority margin could be ruled out, then superiority was to be tested using an exact 97.5% 1-sided confidence bound. The closed testing procedure was preplanned to allow for superiority to be tested in the event that noninferiority was established. The overall size of the study and number of patients enrolled were determined based on pilot data and adjusted for 10% loss to follow-up.
Results
Patient Accountability and Demographics
A total of 347 patients were randomized in the study, 232 to the TDR group and 115 to the ACDF group. Within the randomized population, 225 TDR patients and 105 ACDF patients received study surgery; 17 patients withdrew prior to surgery (Table 2) . There were no patients who crossed over from one group to another during study surgery. Additionally, 9 patients were not randomized and were treated with the investigational device as training patients (see Methods). The primary analysis population included the 225 patients in the TDR group and the 105 in the ACDF group who were randomized and received study surgery. The follow-up rates were 98.2% and 94.3%, respectively, at 24 months. These follow-up rates include all patients with the necessary components for determining overall study success at 24 months. Table 2 shows demographic characteristics of each group and demonstrates that the groups were well balanced with no statistically significant differences.
Surgical Data
Perioperative data are shown in Table 3 and are presented for all randomized patients and nonrandomized training patients. The 2 treatment groups had statistically similar mean duration of hospitalization (p = 0.23) and amount of perioperative blood loss (p = 0.78). The operative duration was significantly longer in the TDR group, as expected with any investigational treatment. The mean operative duration in the TDR group was 2.2 hours compared with a mean of 1.8 hours in the ACDF group (p = 0.0002).
Visual Analog Scale for Pain
Patients in both treatment groups had similar VAS pain scores for both neck pain and arm pain at baseline, and patients in both groups showed marked improvement from baseline at all time points (Fig. 3) . The mean change in VAS score from baseline was greater in the TDR group than the ACDF group at each time point for both neck pain and arm pain. This difference between groups was statistically significant at 3 months and 6 months postoperatively for neck pain assessments (p < 0.05). No statisti-cally significant differences were noted in neck pain at any other time points or arm pain at any time point. At 24 months, the mean change in neck pain from baseline was 54 ± 25 for the TDR group and 53 ± 29 for the ACDF group. Improvements in arm pain at 24 months were 35 ± 35 for the TDR group and 34 ± 38 for the ACDF group.
Patient Satisfaction
Patient satisfaction was evaluated using a questionnaire, which asked whether patients were very satisfied, somewhat satisfied, somewhat dissatisfied, or very dissatisfied with the surgical treatment received. In both groups, the overall rates of patient satisfaction were high: at 24 months, 95.8% of TDR patients and 92.0% of ACDF patients reported being either very or somewhat satisfied with their treatment. Patients were also asked if they would definitely, probably, probably not, or definitely not recommend the same surgical treatment to a friend with the same indications. At 24 months, 95.8% of patients in the TDR group and 88.5% of patients in the ACDF group reported that they would definitely or probably recommend the surgery to a friend.
Quality of Life (SF-12)
Patients in both groups were administered the SF-12 questionnaires and were evaluated separately on the phys- ical component summary (PCS) and mental component summary (MCS) scores. At baseline, the summary scores were statistically similar for the 2 study groups. As expected, patients in both groups improved postoperatively on both PCS and MCS scores. At 24 months, patients in the TDR group had mean PCS score improvement from baseline of 13.5 and mean improvement in MCS score of 9.5; patients in the ACDF group experienced a 10.5-point improvement in PCS score and 7.2-point improvement in MCS score. The difference between groups in terms of the change from baseline of the PCS score was statistically significant (p = 0.03 at 24 months) in favor of the TDR group at every time point (Fig. 4) .
Neck Disability Index
The mean NDI scores were similar in both groups at baseline: 54 ± 16 for the TDR group and 55 ± 15 for the ACDF group. Patients in both groups showed marked improvement in NDI scores with significant improvements from baseline at all time points (Fig. 5) . The mean improvement from baseline was significantly greater in the TDR group than the ACDF group at every time point (Fig.  5) . Compared with baseline, the mean change in NDI at 24 months was 37 ± 20 in the TDR group and 30 ± 19 in the ACDF group. The NDI success rate in the TDR group was significantly higher at all time points (p < 0.05), with 78.2% of TDR patients and 61.8% of ACDF patients considered a success on the NDI at 24 months. In both treatment groups, failure to meet the NDI success requirement was the greatest contributing factor to a patient's failure to meet the overall study success criteria.
Subsequent Surgical Intervention
Subsequent surgical interventions (classified as removal, revision, supplemental fixation, or reoperation) were defined as surgical procedures to modify the study device or surgeries at the index level for new or ongoing original indications. A total of 7 patients (3.1%) in the TDR group and 12 (11.4%) in the ACDF group required a subsequent surgical intervention through 24 months follow-up. The difference in the rates of subsequent surgical interventions between the 2 groups was statistically significant, with the TDR group requiring fewer subsequent surgical interventions. The absence of a subsequent surgical intervention was a requirement for overall study success and was a major factor contributing to the difference in overall study success rates.
In the ACDF group 12 patients required subsequent surgical intervention; there were 6 device removals, 1 revision, 3 supplemental fixations, and 2 reoperations. Nine of the surgical interventions were performed due to symptomatic pseudarthrosis or instability at 1 or both of the treated segments. In all subsequent surgeries in the ACDF group classified as removal, the classification was due to the removal of the control device, and in each case the fusion was either revised or extended to include an adjacent segment. The revision involved modification of the original hardware. The reoperations involved posterior surgery at 1 or both index levels, and supplemental fixation included posterior hardware at 1 or both index levels.
Seven patients in the TDR group required subsequent surgical intervention, including 4 removals, 2 reoperations, and 1 revision. One device was removed due to posterior migration of a single device component. At the time of the second surgery, the investigator confirmed the observations on radiography and CT review: the midline osteophyte resection on the superior endplate of the inferior adjacent vertebrae had been too aggressive. Much of the vertebral body posteriorly had been removed with subsequent migration and angulation of the TDR device. Due to this aggressive endplate resection, the surgeon elected to revise the TDR to fusion. Another removal in the TDR group was performed because the investigator reported that the "prosthesis failed to attach to endplates"; the investigator suggested that poor attachment was possibly due to overpreparation of the endplates resulting in insufficient bone contact. Another TDR was removed by a physician other than the study investigator for an unreported reason, and the final removal occurred because the patient continued to experience neck and arm pain. After all TDR removals, the treated segments were fused. Two reoperations were performed for patients in the TDR group: 1 was for facet spondylosis at both segments and 1 was for ongoing bilateral arm pain. The single revision, without removal, was performed to evacuate a hematoma 7 days after the index surgery, and during the procedure the surgeon repositioned the TDR device 1-2 mm posteriorly. No supplemental fixation procedures were performed for patients in the TDR group. There were also 2 patients in the TDR group who received surgical treatment at an adjacent level within 24 months of study surgery; however, these procedures did not result in study failure as they did not meet the definition of subsequent surgical interventions.
Adverse Events
Patients in the TDR group had a statistically significant lower incidence of device-related adverse events (identified by the CEC as definitely or possibly device related), with rates of 16.7% (39/225) and 34.3% (36/105) reported for TDR and ACDF patients, respectively. A summary of these device-related adverse events can be found in Table 4 . The incidence of serious adverse events was also lower for the TDR group; through 24 months, the percentages of patients experiencing at least 1 serious adverse event were 23.9% and 32.4% for TDR and ACDF groups, respectively. These serious adverse events did not necessarily involve the cervical spine and were frequently unrelated to the study device or surgery. Incidence rates for serious adverse events in the cervical spine definitely or possibly related to the device were 3.4% (n = 8) in the TDR cohort and 14.3% (n = 15) in the ACDF cohort. Absence of an adverse event classified as a major complication by the CEC was a requirement to meet overall study success criteria. Overall, 3.6% of patients in the TDR group and 6.7% of patients in the ACDF group had major complications associated with an adverse event.
Neurological Status
Neurological success, defined as the absence of significant neurological deterioration, was determined by investigator-conducted evaluations that included motor assessments of muscle strength, sensory assessments with pinprick and light touch, and reflex assessments that were traced to the nerve roots at the treated levels. At 24 months, 5.6% of the TDR group and 6.7% of the ACDF group had shown significant neurological deterioration, a statistically significant difference in favor of TDR as determined by the Farrington-Manning test to compare frequencies between treatments (p < 0.0001).
Radiographic Outcomes
Device condition (in addition to motion analysis) was an important parameter measured as a radiographic outcome. Subsidence was considered to be significant if there was at least 3 mm of cranial or caudal motion of the device perpendicular to the vertebral endplates, and significant migration was defined as at least 3 mm of ante- rior or posterior motion of the device parallel to the vertebral endplates. Radiographic assessments revealed 1 case of posterior device migration in the TDR group, which is detailed above in the section on subsequent surgical intervention. Neither treatment group had any patients with significant device subsidence.
For the TDR group, radiographic success required nonfusion at both treated segments. Nonfusion was defined as 2° or more of angular motion from flexion to extension or no radiographic evidence of bridging bone across the intervertebral space. At 24 months, 96.4% of the patients in the TDR group were classified as radiographically successful. In the ACDF group, radiographic success required evidence of fusion at both treated segments. The criteria for fusion included the following: less than 2° of angular motion from flexion to extension, evidence of bridging bone across the intervertebral space, and radiolucent lines at no more than 50% of the graft-tovertebral interfaces. At 24 months, the overall radiographic success rate of the ACDF group was 79.8%, with the remaining 20.2% (20 patients) classified as treatment failures. Every patient defined as a radiographic failure in the ACDF group had more than 2° ROM evident at 1 or both index levels on flexion/extension radiographs. The difference in radiographic success rates between the groups was statistically significant (p < 0.0001) and favored the TDR study group.
Range of motion for each treated level was calculated quantitatively from lateral flexion/extension radiographs and anteroposterior right/left lateral bending radiographs. The ACDF group experienced the expected reduction in ROM in both flexion/extension and lateral bending. Mean ROM values at 24 months were less than 1° for both the superior and inferior treated segments in both directions of movement. Mean flexion/extension ROM and lateral bending ROM for the TDR group was maintained throughout the study duration as compared with baseline. At the superior treated levels, mean ROM at 24 months was 10.1° ± 5.9° in flexion/extension and 5.6° ± 3.3° in lateral bending. For the inferior treated levels, the ROM values were 8.3° ± 5.3° for flexion/extension and 5.4° ± 3.3° in lateral bending (Fig. 6) .
Adjacent-segment degeneration was evaluated using the Kellgren-Lawrence grading scale. If the degeneration grade for a segment increased by 1 or more points from the preoperative baseline, that segment was classified as having adjacent-level degeneration at the assessment time point. Using this criterion, at 12 months, 12.5% and 9.1% of ACDF patients had adjacent-level degeneration of the superior and inferior adjacent segments, respectively. At the same time point, 5.7% and 1.5% of TDR patients had degeneration at the superior and inferior adjacent segments, respectively. By 24 months, the differences between the ACDF and TDR groups were more dramatic. In the ACDF group, 33.3% and 18.1% of patients had degeneration at the superior and inferior segments, respectively. In the TDR group, adjacent-segment degeneration rates were 13.1% and 2.9% for the superior and inferior discs, respectively. The differences in adjacent-level degeneration rates were statistically significant in favor of the TDR group for both levels and at both the 12-and 24-month follow-ups (p < 0.03). Disc degeneration grades greater than 0, which indicates at least minimal degeneration of the intervertebral disc, were noted more frequently at the superior adjacent segment than the inferior adjacent segment in both groups and at all time points, including the baseline assessment. Clinically relevant HO (Grades III & IV) was noted in 11.5% of superior treated and 10.1% of inferior treated segments, with 3.7% and 2.8%, respectively, classified as Grade IV HO at 24 months. Grade IV HO was present in 11 patients (4.9%) at 24 months. Also at 24 months, 79.0% of superior and 70.6% of inferior segments were classified as stable, indicating no change in the HO grade since the 12-month assessments.
Overall Clinical Success
The composite measurement of overall study success included the following components: 1) functional improvement demonstrated by NDI success; 2) no subsequent surgical intervention at the index level; 3) no adverse event assessed by the CEC to be a major complication; 4) maintenance or improvement of neurological function; and 5) radiographic success. The overall success rates were 69.7% and 37.4% for the TDR and ACDF groups, respectively (Fig. 7 , Table 5 ). The significantly higher overall success rate for the TDR group establishes both noninferiority and superiority as defined in the prospectively written statistical analysis plan. The TDR patients tended to achieve this success earlier and maintain it throughout the study. To demonstrate the effect of the radiographic requirement on overall study success rate, Fig. 7 also shows the success rates when only the 4 nonradiographic success criteria are considered. When only nonradiographic success criteria are considered, the success rate increases at every time point for both the TDR and ACDF groups compared to using all 5 criteria, with a larger increase in the ACDF group. However, even in this scenario, TDR maintains statistical superiority over ACDF at 24 months.
Discussion
Since its introduction more than 50 years ago, ACDF has become the standard surgical treatment for symptoms associated with cervical DDD. This procedure is also associated with the onset or progression of adjacent-segment degeneration. Over the past decade, a growing body of Level I evidence has demonstrated the potential of TDR as an alternative to ACDF, with studies focusing almost exclusively on single-level treatments. The study reported here was designed to evaluate the safety and effectiveness of 2-level TDR by testing for noninferiority of the Mobi-C cervical artificial disc compared with 2-level ACDF. If noninferiority of Mobi-C was established, superiority was then tested. At the primary end point of 24 months, the overall study success rates were 69.7% and 37.4% for the TDR and ACDF groups, respectively, which met the noninferiority margin and established statistical superiority of the TDR treatment over ACDF.
In addition to statistical superiority in overall study success rate, 2-level TDR demonstrated significant advantages over 2-level ACDF in specific areas of clinical outcomes and complication rates. On average, the TDR patients experienced significantly greater improvement in NDI score and SF-12 PCS scores compared with baseline assessments at all time points in the study. The patients in the TDR group also showed a significantly greater improvement in neck pain at early time points. Patients in the TDR cohort required significantly fewer subsequent surgical interventions (3.1%) compared with ACDF (11.4%), had significantly lower rates of neurological deterioration, and had significantly lower rates of serious adverse events than patients in the ACDF cohort.
Grade IV HO was present in 11 TDR patients (4.9%) at 24 months. Other TDR devices currently approved for 1-level use report 24-month Grade IV HO rates between 1.1% and 9.0%. 16, 17, 37 The endplate design of the different TDR devices dictates the amount of vertebral endplate bone preparation, and it is theorized that more extensive vertebral endplate bone preparation is related to a higher incidence of HO. Mobi-C requires minimal vertebral endplate preparation due to its anatomical shape and small lateral teeth for fixation. Accordingly, the incidence of Grade IV HO was low (4.9%), but the lack of NSAID use in the present study also likely affected HO rates. The HO rate could have possibly been lower in the Mobi-C patients if there had been no restrictions of NSAID use, similar to other TDR study protocols.
The success rate of the 2-level Mobi-C group (69.7%) is comparable to the rate reported in the single-level arm of the Mobi-C Cervical Artificial Disc IDE study (73.6%).
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This finding is consistent with those from studies that have compared single-level and multilevel TDR and found similar success rates. 20, 39, 40 Pimenta et al. 40 reported on a series of 229 consecutive patients treated at 1, 2, 3, or 4 levels with another TDR device. When compared with single-level patients, the multilevel patients showed no increase in complications, similar improvements in pain and function, and similarly high study success rates (using Odom's criteria) at 3 years. This study suggests that TDR can be equally successful over multiple levels because each TDR segment is biomechanically independent from the adjacent segments. A biomechanical cadaver study by Phillips et al. 39 supports this concept, demonstrating that 2-level TDR provides near-normal ROM at both operated segments without destabilizing the TDR or affecting motion at adjacent segments.
In contrast, the overall study success rate of the ACDF cohort in this study at 2 years was 37.4%, which is much lower than the success rates reported for control ACDF cohorts in single-level TDR trials. The concurrently run single-level study arm of this IDE study reported a 65.3% overall study success rate for the ACDF cohort at 24 months; 38 the rates achieved in other single-level studies were similar. 22, 36, 37 While this 2-level study arm used a definition of overall study success for the ACDF group that was identical to the single-level arm and similar to those used by other cervical arthroplasty trials, the low rate of overall study success achieved in the ACDF group does lead to a question: Are the criteria for overall study success more difficult to achieve for ACDF patients?
The definition of overall study success was prospectively planned and thus not subject to change, but 1 method of addressing this question is to closely examine the causes of study failure among ACDF patients. The first component to examine is the requirement for radiographic evidence of fusion for success for patients in the ACDF group. Table 5 includes overall success for each group categorized 2 ways: overall success per protocol (as described above) and overall success with the radiographs removed.
This analysis demonstrates that the criteria for radiographic evidence of a successful fusion are not the biggest factor contributing to failure in the ACDF group. Further analysis of failures reveals the most common causes of study failure among the ACDF patients are a failure to achieve NDI success and a patient requiring a subsequent surgical intervention.
The requirements of NDI success and the definition of subsequent surgical interventions were identical for all groups in this study, as well as for patients in the singlelevel arm of this study. Therefore, these requirements do not appear to be a particular disadvantage of the overall study success criteria that are artificially lowering the level of success in the multilevel ACDF patients compared with single-level patients and TDR patients. Despite the surprisingly low success rate of multilevel ACDF, this decrement in outcomes of multilevel ACDF compared with single-level ACDF is not without precedent. Other studies have also suggested that multilevel ACDF is less effective than single-level ACDF. In a retrospective review published by Swank et al., 47 rates of pseudarthrosis were shown to increase from 10% for 1-level ACDF to 44% for 2-level ACDF. Another study reported an increase in reoperation rates as number of treated levels increased. 19 Researchers have postulated a biomechanical basis for this decreasing efficacy as the number of fused segments is increased. 10 As the number of fused levels increases, the length of the resulting rigid lever arm increases; this, in turn, amplifies the proportion of overall cervical motion that must be assumed by the adjacent segments, resulting in hypermobility and increased stress at the adjacent segments.
A widely held rationale for TDR success is a 2-part thesis: 1) the procedure maintains segmental mobility, and thus 2) TDR avoids the accelerated adjacent-segment degeneration. To the first point, the TDR cohort, on average, maintained preoperative mobility at both treated segments throughout the study period. Regarding adjacent-segment degeneration, when compared with the ACDF cohort, patients in the TDR cohort demonstrated significantly lower rates of radiographic adjacent-segment degeneration at both adjacent segments at 24 months. Continued observation will be needed to determine if this advantage in adjacent-level degradation translates to clinically relevant symptoms requiring surgical interventions.
This clinical trial demonstrated statistical superiority of 2-level TDR using the Mobi-C cervical artificial disc compared with 2-level ACDF at a primary end point of 2 years. Additional rigorous research will further the understanding of the safety and efficacy of multilevel cervical arthroplasty and arthrodesis procedures.
Conclusions
This FDA-regulated IDE clinical trial was designed to evaluate the safety and effectiveness of 2-level TDR using the Mobi-C cervical artificial disc compared with 2-level ACDF. Overall study success required that patients meet the criteria for 5 clinical and radiographic measures at the primary end point of 24 months. Using this composite scoring system, the overall study success rates were 69.7% and 37.4% for the TDR and ACDF groups, respectively, which established noninferiority and also demonstrated statistical superiority of the TDR group. Patients in the ACDF group were more than 3 times more likely to require a subsequent surgical intervention and twice as likely to have an adverse event related to the device when compared with the TDR patients. The TDR study group also had a significantly lower rate of serious adverse events. On average, the TDR study group maintained preoperative mobility at the treated segments, and the 2-year radiographic analysis indicated significantly less adjacent- segment degeneration in this group. These data provide compelling Level I evidence in support of 2-level TDR as an alternative to 2-level ACDF in properly indicated patients.
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